Analysis of aged and cataract lenses shows the presence of increased amounts of crystallin fragments in the high molecular weight aggregates of water-soluble and water-insoluble fractions. However, the significance of accumulation and interaction of low molecular weight crystallin fragments in aging and cataract development is not clearly understood. In this study, 23 low molecular mass (<3.5-kDa) peptides in the urea-soluble fractions of young, aged, and aged cataract human lenses were identified by mass spectroscopy. Two peptides, ␣B-(1-18) (MDIAIHHPWIRRPFFPFH) and ␤A3/A1-(59 -74) (SD(N)AYHIERLMSFRPIC), present in aged and cataract lens but not young lens, and a third peptide, ␥S-(167-178) (SPAVQSFRRIVE) present in all three lens groups were synthesized to study the effects of interaction of these peptides with intact ␣-, ␤-, and ␥-crystallins and alcohol dehydrogenase, a protein used in aggregation studies. Interaction of ␣B-(1-18) and ␤A3/A1-(59 -74) peptides increased the scattering of light by ␤-and ␥-crystallin and alcohol dehydrogenase. The ability of ␣-crystallin subunits to function as molecular chaperones was significantly reduced by interaction with ␣B-(1-18) and ␤A3/ A1-(59 -74) peptides, whereas ␥S peptide had no effect on chaperone-like activity of ␣-crystallin. The ␤A3/A1-(59 -74 peptide caused a 5.64-fold increase in ␣B-crystallin oligomeric mass and partial precipitation. Replacing hydrophobic residues in ␣B-(1-18) and ␤A3/A1-(59 -74) peptides abolished their ability to induce crystallin aggregation and light scattering. Our study suggests that interaction of crystallin-derived peptides with intact crystallins could be a key event in age-related protein aggregation in lens and cataractogenesis.
Lens proteins undergo very little turnover after synthesis, but they undergo various changes during aging and cataractogenesis (1) . Certain post-translational modifications appear to be part of the normal maturation process (2, 3) , and other modifications, including deamidation, phosphorylation, truncation, glycation, oxidation, and cross-linking, are seen in aged and cataractous lenses (4) . Changes in the structure and solubility of lens proteins depend on the extent and nature of the modification. Lens opacification is primarily due to the insolubilization of crystallins, proteins that are essential for maintaining the optical properties of the lens.
Crystallin proteolysis is significantly increased in aged and cataract human lenses as compared with young human lenses (5) (6) (7) (8) . Increased crystallin fragmentation in aged and cataract lenses has also been reported in nonhuman species (3, 9 -12) . Unregulated proteolysis of crystallins is suggested to be one of the cause for crystallin insolubilization (13) . Several proteolytic enzymes have been shown to play a role in aging of the lens and cataract formation (14 -20) . Degradation of lens crystallins by proteolytic enzymes can damage their highly ordered arrangements. An age-related decrease in the levels or activities of proteases could result in the accumulation of modified proteins (21, 22) . Although a protein oxidation reaction may convert proteins to forms that are more susceptible to proteolytic degradation, the oxidized forms of some proteins not only are resistant to proteolytic degradation but also may inhibit the ability of some proteases to degrade the oxidized forms of other proteins. The protein-protein cross-linked derivatives have been found to resist proteolytic degradation and to inhibit the ability of the 20 S proteosome to degrade the oxidized forms of other proteins (23) .
Crystallin fragments are present in water-soluble and waterinsoluble factions of the lens, with more prevalence in the water-insoluble fractions (6, 24, 25) . As many as 13 crystallin fragments with molecular masses between 3 and 17 kDa originating from ␣-, ␤-, and ␥-crystallins have been isolated from the water-soluble high molecular weight aggregates of 60 -80-year-old human lens (26) . Understanding the interaction between the lens proteins and the crystallin fragments is the key to assessing the consequence of incomplete proteolytic degradation. Protein aggregation in the lens increases with age, leading to the accumulation of high molecular weight aggregates that scatter light. Although it is hypothesized that cataract develops as a result of the improper interaction of crystallin fragments generated by proteolysis (17) , the mechanism by which crystallin fragments initiate or influence the process of lens protein aggregation to form high molecular weight aggregates is not clear. Earlier, we showed that in vitro oxidized crystallin peptides enhance the aggregation of ␤ L -crystallin and ␥-crystallin and also exhibit an anti-chaperonelike property (27) (28) (29) . Peptide interactions with lens proteins and the aggregation-facilitating nature of lens peptides may be important in age-related cataract formation, where lens proteins undergo incomplete proteolysis and peptide fragments tend to accumulate.
The present study was performed to identify crystallin fragments in young, aged, and cataract human lenses and investigate their possible role in crystallin aggregation and light scattering. Our data show that peptides generated in the lens interact with crystallins and increase their aggregation and precipitation. The results also demonstrate that crystallin peptides generated in vivo exhibit anti-chaperone-like activity. Lenses-Human donor lenses were obtained from the Lions Eye Tissue Bank (Columbia, MO) and kept at Ϫ70°C until use. Lenses were separated based on their age and color. Four lenses were analyzed from each group: young lenses (18 -32 years), aged lenses (75-95 years), and aged cataract lenses. Young (2 years old) bovine lenses were obtained from Pel-Freeze Biologicals (Rogers, AR) and stored at Ϫ70°C until use.
EXPERIMENTAL PROCEDURES

Materials
Isolation and Identification of Peptides from Human LensLenses were homogenized in 1 ml of 0.05 M phosphate buffer (pH 7.4) containing 0.1 M NaCl, 6 M urea, and 2 mM tris(2-carboxyethyl)phosphine hydrochloride (Pierce) and in the presence of 5 l of protease inhibitor mixture. The sample was centrifuged at 16,000 ϫ g for 1 h. The urea-soluble fraction was collected and filtered through a 10 kDa Centriplus filter (Millipore). The low molecular weight (LMW) peptides that were present in the filtrate were desalted using PepClean C-18 spin columns (Pierce). The bound peptides were eluted by 70% acetonitrile containing 1% formic acid. The eluted peptides were analyzed by ABI Voyager DE PRO matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF MS) and nanoelectrospray ionization quadrupole time-of-flight tandem mass spectrometry to identify and sequence the peptide ions.
The low molecular weight fractions prepared from young, old, and cataract human lenses as above was dialyzed extensively using 1-kDa cut-off dialysis tubing, concentrated, and used in quantifying the relative light scattering activity in an aggregation assay.
Preparation of Peptides-The synthetic peptides obtained from the core facility were purified by reverse-phase high performance liquid chromatography on a C-18 column. The peptide mass and sequences were confirmed by mass spectrometric analysis at the University of Missouri-Columbia Proteomics Center. The purified peptides were dissolved in a small volume of Me 2 SO and equilibrated with 0.05 M phosphate buffer containing 0.15 M NaCl (pH 7.4) using 1-kDa dialysis membrane.
The peptide concentration in the dialyzed sample was measured using a micro-BCA protein assay kit (Pierce).
Regional Distribution of LMW Peptides-A pair of 75-yearold lenses was used to measure the peptide concentration in the cortex and nucleus of aged human lens. The lens was thawed, and the capsule was carefully removed using a forceps. The outer cortex and inner nucleus were separated using the microstir bar in a glass vial using 0.05 M phosphate buffer containing 6 M urea, 2 mM tris(2-carboxyethyl)phosphine hydrochloride and protease inhibitor mixture (20 l/5 ml of buffer), pH 7.4. The lenses were stirred for about 3 min in 0.5 ml of buffer to solubilize the cortex. The nucleus was homogenized using a micro-tissue homogenizer using the same buffer. The sample volume was adjusted to 1.5 ml with homogenization buffer and centrifuged at 13,000 ϫ g to remove the urea-insoluble fraction. 0.5 ml of the supernatant from the cortex and nucleus fraction was passed through 10 kDa cut-off filter to obtain the LMW peptides. 30 l of the filtrate containing LMW peptides was desalted using PepClean spin column and analyzed by MALDI-TOF MS.
Purification of Crystallins-␣-Crystallin, ␤-crystallin, and ␥-crystallin were separated from the water-soluble fractions of young bovine lens cortex by gel filtration on a Sephadex G-200 column (30) . ␣-Crystallin was further purified on a trimethylaminoethyl fractogel ion exchange column, as described previously (29) . ␤ L -Crystallin peak fractions were pooled, concentrated, and used without further purification. ␥-Crystallin was isolated from bovine lens extract by means of Sephadex G-200 and Biogel P-30 chromatography, as described previously (31) . The protein concentration was measured using a BCA protein assay kit. Recombinant human ␣A-and ␣B-crystallins were expressed in Escherichia coli BL21(DE3)pLysS cells (Invitrogen) and purified using gel filtration and anion exchange chromatography, as described previously (32).
Interaction between Crystallin Peptides and Intact Crystallins-Interactions between intact ␣-, ␤-, and ␥-crystallins and crystallin peptides A, B, and G were verified using HPLC and SDS-PAGE analysis.
Recombinant ␣A-crystallin (250 g) was incubated with 100 g of peptide A, B, or G, in a total volume of 0.5 ml of 50 mM phosphate buffer containing 150 mM NaCl (pH 7.4) at 37°C. Samples that contained ␣A-crystallin or peptide alone served as control. After 4 h of incubation, the samples were briefly centrifuged to separate any visible precipitate. Supernatant (350 l) was injected into a TSK G5000PW XL (Tosoh Bioscience, Montgomeryville, PA) size exclusion column fitted to an HPLC system with a UV detector and equilibrated with phosphate buffer. The peak containing the ␣A-crystallin-peptide complex was pooled, concentrated, and analyzed on 4 -20% Tris-HCl SDS-polyacrylamide gel (Bio-Rad) electrophoresis. The interactions of ␤ L -and ␥-crystallin with each peptide were assessed by incubating 250 g of the crystallin with 100 g of the peptide at 55°C for 1 h. Crystallin by itself was used as a control. At the end of incubation, the aggregated protein was collected by centrifugation at 15,000 ϫ g. The precipitated protein was washed with deionized water and centrifuged to remove any soluble proteins or peptides. The procedure was repeated twice. The collected precipitate was solubilized in 200 l of freshly prepared 6 M urea and diluted with water until the sample measured 1 ml. The sample was injected onto a reversephase analytical C-18 column (Vydac) equilibrated with water containing 0.1% trifluoroacetic acid. The ␤ L -crystallin subunits and the peptides were separated using acetonitrile gradient (5-80%).
Light Scattering Measurements-The effects of peptide interaction on the molecular mass and the hydrodynamic radius of ␣B-crystallin were studied using static and dynamic light scattering. Recombinant ␣B-crystallin (300 g) was incubated at 37°C for 4 h with an equal amount (weight) of the peptide in 0.5 ml of 0.05 M phosphate buffer (pH 7.2) containing 0.15 M NaCl. At the end of incubation, the samples were centrifuged to remove visible precipitates. Supernatant (150 l) was injected into a TSK G5000PW XL (Tosoh Bioscience) size exclusion column fitted to a high pressure liquid chromatograph with a refractive index detector (Shimadzu, Columbia, MD) and equilibrated with the incubation buffer. The HPLC was coupled to multiangle light scattering and quasielastic light scattering detectors (Wyatt Technology Corp., Santa Barbara, CA). Data were analyzed using ASTRA (5.1.9) software developed by Wyatt Technology.
Thermal Denaturation and Light Scattering Assay-Thermal aggregation assay of ␤ L -crystallin, ␥-crystallin, and ADH and chaperone assay of ␣-crystallin were performed according to the method described previously (29, 32) . Briefly, substrate protein ␤ L -crystallin (100 g) or ␥-crystallin (100 g) was heatdenatured at 55°C in 1 ml of 0.05 M phosphate buffer, pH 7.4. Aggregation and light scattering were monitored at 360 nm. Different concentrations of peptide A, peptide B, and peptide G were included in the assay mixture to determine their effect on substrate protein aggregation. A similar experiment was performed following incubation at 37°C for 10 h to study the effect of each peptide on ␤ L -crystallin aggregation at physiological temperature. To study the anti-chaperone activity of low molecular weight peptides, known concentrations of peptides A, B, and G were included in the assay mixture along with chaperone protein, ␣-crystallin, and substrate protein. Aggregation and light scattering were monitored as described above. To determine the specificity of these peptides in influencing protein aggregation, a few mutants of peptide A and peptide B were used to study their effects on protein aggregation and light scattering. ADH (250 g) was chosen as a noncrystallin substrate protein to study the interaction with crystallin fragments.
RESULTS
Water-soluble protein fractions from young and aged human lenses were subjected to size exclusion chromatography coupled with dynamic light scattering analysis. We observed that, compared with the water-soluble fraction of young lens, the protein concentration in the water-soluble fraction of aged lens was decreased, whereas the mass distribution was increased (Fig. 1 ). The aged lens had soluble aggregates as large as 3500 kDa in contrast to soluble aggregates of 2000 kDa in the young lens.
Low Molecular Weight Crystallin from Lenses Enhances Light Scattering by Denaturing Protein-We measured the light scattering ability of low molecular weight fractions (1-10-kDa fractions) isolated from young, adult, aged, and cataract human lenses using an ADH aggregation assay. As shown in the Table  1 , the crystallin fragments present in 1-10-kDa fractions from young lenses showed the lowest light scattering activity compared with aged and cataract lens fractions. The cataract and aged lenses (Ն70 years) showed 4.4 -4.6-fold greater light scattering activity in them compared with young (14-and 16-year) lenses.
Identification of Crystallin Peptides from Human LensesThe low molecular weight peptide profiles of young, aged, and cataract lenses analyzed by MALDI-TOF MS are shown in Fig.  2 , A-C, respectively. Within each lens group, the MALDI-TOF peptide profiles were comparable. The number of peptides in young lenses was less than that in aged lenses. Peptide signals were prominent in aged and cataract lenses but not in young lenses, suggesting that the total peptide concentration is higher in aged and cataract lenses than in young lenses. Peptide concentrations, determined in a single lens from each group, were 0.29, 0.9, and 1.1 mg/lens in young, aged, and cataract lenses, respectively. Peptides that were common to each group of lenses and smaller than 3500 Da were analyzed by nanoelectro- were injected into a high pressure liquid chromatograph fitted with a TSK G5000PW XL size exclusion column and refractive index detector, coupled with multiangle light scattering and quasielastic light scattering detectors. The mobile phase contained 0.05 M sodium phosphate and 0.15 M sodium chloride, pH 7.2. The mass was determined using ASTRA software.
TABLE 1 Effect of whole lens low molecular weight fraction on protein aggregation
The relative light scattering activity of low molecular weight fractions was estimated by the ADH aggregation assay described earlier (32). Low molecular weight crystallin fragments from the I-IV groups of lenses were concentrated to a final volume of 150 l/lens, and 25-l samples were used in assays. The result shown is an average from two assays. Group IV lenses are cataract lenses showing nuclear opacity with moderate yellow discoloration, similar to that observed in group III lenses. spray ionization quadrupole time-of-flight tandem mass spectrometry to determine the sequence and origin of peptides. The peptides that were found in the young, aged, and aged cataract lenses and sequenced from MS/MS analysis are listed in Table  2 . The GenBank TM accession numbers used to match the sequence of crystallin peptides are given in Table 2 . The ␤A3/A1 peptide sequence was numbered based on a truncated ␤A3/A1 sequence submitted to GenBank TM . The data indicate that crystallin fragments are generated from all major lens crystallins. Sequences could not be assigned to less abundant peptides identified by MALDI-TOF MS, and these peptides were excluded from the Table 2 . Analysis of a 75-year-old lens showed that the concentration of LMW peptides is higher in the nucleus (931 g) than in the outer cortex (338 g). We also observed a differential distribution of individual peptides in the cortex and nucleus based on the MALDI-TOF MS signal intensity (data not shown). The signal intensity of ␣A-(43-56) and ␣B-(45-57) peptides was highest and quite prominent in the cortex. However, in the nucleus, these peptides had a weak signal (Ͻ4% of their signal intensity in the cortex). The peptides A, B, and ␣A-(66 -80) were found only in the nucleus. Other peptides, including peptide G, were present in both regions, but their signal intensities were 5-10-fold higher in the nucleus.
Group
In vitro oxidized crystallin peptides were shown in our previous studies to interact with lens crystallins and to influence their aggregation and light scattering (27) (28) (29) . The present study investigated whether in vivo found crystallin fragments interact with lens crystallins and produce similar effects on aggregation and light scattering. We selected the following three peptides for further study: ␣B-crystallin peptide Crystallin Peptides Can Alter the Oligomerization of ␣B-and ␣A-crystallins-Incubation with peptide A or peptide B increased the mass distribution of ␣B-crystallin (Fig. 3, A and  B) . However, incubation with peptide G had no effect on the oligomeric mass of ␣B-crystallin (data not shown). Peptide A and peptide B increased the average oligomeric mass of ␣B-crystallin by 1.23-and 5.64-fold, respectively (Table 3) . During incubation with peptide B, slight precipitation of ␣B-crystallin occurred. Elimination of the precipitate by centrifugation caused a decrease in the peak intensity of ␣B-crystallin-peptide B complex (Fig. 3B) . The polydispersity of ␣B-crystallin increased in response to interaction with peptide A or B ( Table 3 ). The hydrodynamic radius of ␣B-crystallin nearly doubled upon interacting with peptide B. ␣A-crystallin also exhibited an increase in the oligomeric mass but to a lesser extent upon interaction with peptide A or peptide B (data not shown). Unlike with ␣B-crystallin, ␣A-crystallin did not aggregate on interaction with peptide B. Analysis of the ␣A-peptide complex recovered during gel filtration studies by SDS-PAGE confirmed that only peptides A and B bind to ␣A-crystallin (Fig.  4) . The results show that peptides A and B interact with ␣A-and ␣B-crystallin and alter their structure and dynamics, whereas peptide G has no effect.
Crystallin Peptides Enhance the Scattering of Light by Substrate Proteins-Studies of the effects of crystallin peptides on the thermal aggregation of substrate proteins demonstrated that ␤ L -and ␥-crystallins aggregated (scatter light) rapidly upon incubation at 55°C. The addition of peptides to the incubation mixture increased the scattering of light by ␤ L in a concentration-dependent manner (Fig. 5) . At 60 g of concentration, peptide A and peptide B augmented the scattering of ␤ L -crystallin by 26 and 48%, respectively. However, peptide G at the same concentration caused only a marginal (6%) increase in the scattering by ␤ L -crystallin. Crystallin peptides by themselves did not scatter light on incubation at 55°C. The peptides had a similar effect on the thermal aggregation of ␥-crystallin (data not shown). Light scattering and aggregation experiments were conducted for an extended time to determine the effect of peptides A, B, and C on ␤ L -crystallin at physiological temperature. Tubes containing 250 g of ␤ L -crystallin were incubated with 100 g of each peptide at 37°C, and light scattering was monitored for up to 12 h. During 37°C incubation, peptides A and B significantly enhanced ␤ L -crystallin aggregation, whereas peptide G exerted very little influence (Fig. 6) . The data suggest that ␤ L -and ␥-crystallin aggregation is enhanced upon interaction with peptide A or B. Incubation with peptide A and B at 37°C also enhanced the scattering of light by ADH, a noncrystallin substrate protein generally used in aggregation studies (data not shown).
Enhanced precipitation of ␤ L -crystallin as a result of peptide interaction was confirmed by analyzing the aggregation precipitate on reverse-phase HPLC on a C-18 column. Fig. 7 shows the protein elution profile of ␤ L -crystallin precipitate before and after interaction with peptide B and peptide G. Protein elution profile was similar for ␤ L -crystallin precipitate and peptide G-treated ␤ L -crystallin. However, the HPLC profile showed increased amounts of protein in peptide B-treated ␤ L -crystallin sample, suggesting enhanced aggregation. Although the concentration of every ␤ L -crystallin subfraction increased in the peptide B-treated sample, the increase was significantly higher with ␤B2 crystallin. The data indicate that specific crystallin peptides found in aged lens can interact with intact crystallins, induce their aggregation, and lead to precipitation.
Lens Crystallin Peptides Exhibit Anti-chaperone-like ActivityAnti-chaperone-like behavior of the crystallin fragments was demonstrated by performing the thermal aggregation assay in the presence of the peptide that modulated protein aggregation and oligomerization of chaperone protein ␣-crystallin (Fig. 8) .
Without peptide, ␣-crystallin suppressed the aggregation of ␤ L -crystallin. However, the presence of peptide A in the aggregation system reduced ␣-crystallin chaperone activity. Similarly, peptide B showed anti-chaperone-like behavior with ␣-crystallin in a ␤ L -crystallin aggregation assay. Suppression of ␣A-crystallin chaperone activity by peptide A was also confirmed by using ADH as the aggregating protein (Fig. 9) . These results suggest that the accumulation of crystallin peptides in the lens may interfere with the chaperone property of ␣-crystallin. Peptide Sequence Specificity in Protein Aggregation-enhancing Activity-Sequence specificity of peptide A and peptide B in influencing the aggregation of substrate proteins was determined by changing some of the residues in the native peptide sequence. We also synthesized peptides with the reverse sequence (retrosequence) of peptide A and peptide B and deter- mined their aggregation-inducing activity. Table 4 lists the modified peptides that were tested for their influence on ␤ L -crystallin aggregation. Replacement of hydrophobic residues with neutral or charged residues decreased or completely abolished the aggregation-inducing activity of peptide A and peptide B. Compared with native peptides, retropeptide A and retropeptide B showed 10 and 33% decrease in ␤ L -crystallin aggregation-enhancing activity. The data show that variants of peptide A and peptide B sequences do not influence aggregation and light scattering to the same extent as corresponding native peptides, indicating the importance of the peptide sequence in crystallin aggregation. The data suggest that certain native lens peptides interact with lens crystallins, and such interactions may contribute to crystallin aggregation in vivo.
DISCUSSION
Crystallin breakdown in the lens occurs for several reasons. Occasionally, it is the part of the normal lens maturation process (2) . It may be due to the activation of lens proteolytic enzymes (17, 20, 33) . Nonenzymatic mechanisms are also likely to generate crystallin fragments (34) . Crystallin degradation is also necessary for the removal of denatured proteins or unfolded proteins that result from various oxidative stresses on lens. Proteasomes and ubiquitin systems in the lens are involved in the removal of oxidized proteins or peptides (35, 36) . Despite this, truncated proteins/short peptides might accumulate in the lens because of their excessive production or because the degradation system cannot break down the fragments (37) (38) (39) (40) . Earlier studies showed that the lens contains significant quantities of crystallin fragments (6, 26) , and the complex formed by the interaction of crystallin peptides with proteins in vivo can be modified further to form covalent multimers (5). Our study confirms that young, aged, and aged cataract lenses contain crystallin fragments of Ͻ3.5 kDa and that crystallin fragmentation increases with age. Further, the data included in our study (Table 1) show that both aged and cataract lenses have increased light scattering activity compared with the activity present in young lenses.
We could not relate the generation of LMW peptides to any specific protease. Of 23 LMW peptides that we identified, 15 peptides are derived from ␣A and ␣B-crystallin. Again, a majority of these peptides come from the N-terminal region, a few from the ␣-crystallin domain, and none from the C-terminal extension. Except for peptide B, all other peptides derived from ␤-or ␥-crystallin are N-or C-terminal fragments. Interestingly, the subunit-interacting and substrate-interacting residue sequences identified by pin-array overlap with peptide A sequence (41, 42) . The ␣B-(45-57) peptide found in the young and aged lenses forms part of the ␣A-crystallin recognition sequence in ␣B-crystallin (43) . Peptides ␣A-(66 -75) and ␣A-(66 -80) have certain residues overlapping with the chaperone site sequence in ␣A-crystallin (44) . Interactions between crystallins and peptides may be limiting the action of proteasome and peptidases on peptides, resulting in accumulation of peptides.
Crystallin peptides of aged lenses (peptide A and peptide B) increased the molecular mass, polydispersity, and hydrodynamic radius of ␣A-and ␣B-crystallins. The water-soluble fraction of aged lenses showed similar increases in protein molecular mass and polydispersity (Fig. 1) . However, the mechanisms by which the peptides increase the molar mass of crystallin proteins in vivo are not known. This study also showed that binding of crystallin peptides decreased the ability of ␣-crystallin subunits to prevent aggregation of ␤-and ␥-crystallins and other noncrystallin protein substrates, a process believed to be essential for lens transparency (Figs. 8 and 9 ). This study is the first to show that peptides generated in vivo can function as anti-chaperones. We previously demonstrated the anti-chaperone property of oxidized ␤ L -crystallin peptides generated in vitro (27) . Since peptide G did not interact with ␣-crystallin subunits, we believe that only certain crystallin fragments in the aged lens interact with intact ␣-crystallins and alter their structure and function.
To demonstrate the aggregation-enhancing property and anti-chaperone activity of the peptides within the short assay period, we have used a 2-10-fold molar excess of peptides over substrate protein concentration. We were unable to determine the exact concentration of individual peptides, but we observed that the crystallin fragments are not uniformly distributed in the lens. The concentration of peptides is higher in old lens fiber cells than in younger lens fiber cells (19) . Compared with the clear region of the lens, the opaque region of the same lens possesses a higher concentration of crystallin fragments (45) . MALDI tissue imaging of ocular lens also showed a differential distribution of truncated crystallins in the lens (46) . Therefore, in isolated regions, the concentration of a peptide could reach to levels sufficient enough to produce the effect. Further, the presence of several peptides in lower concentration may be sufficient to induce protein aggregation due to cumulative effect of those peptides. Earlier study has shown that peptides on interaction induce a conformational change in the target protein that leads to an increased exposure of hydrophobic regions, resulting in an enhanced interaction and aggregation (29) .
The process of aging and cataract development is a complex process involving multiple factors. This study suggests that accumulation of crystallin fragments is likely to be one of the causes of lens aging and opacification. The peptides generated in vivo can interact with ␤-and ␥-crystallin and enhance their light scattering and precipitation. Interestingly, peptide B, which produced more effects than peptide A, is deamidated. Increasing concentrations of deamidated proteins and peptides have been demonstrated in the water-insoluble fractions of aged and cataract lenses (25, 47) . To shorten the assay time in some of our experiments, we used temperatures above physiological levels to induce aggregation of ␤-or ␥-crystallin and demonstrate the effects of interaction with peptides. Similar effects were produced at physiological temperature, however, but such assays required a longer duration. The mechanisms that underlie the release and accumulation of age-specific peptides in aged lenses are unknown. An explanation for their accumulation may be that, upon interaction with crystallins, peptides are not accessible to the peptidases that degrade them. The loss of peptidase activity in aged and cataract lenses could also lead to the accumulation of peptides (19, 40) . The aggregation-influencing activity of peptides seems to be sequence-specific and lost almost completely when hydrophobic residues are replaced with neutral or charged residues. The order of the amino acids also seems to be a factor in aggregation, since the retro sequences of peptide A and peptide B showed diminished capacity to enhance ␤ L -crystallin aggregation.
These studies provide the first evidence for the role of low molecular weight peptides in age-related cataract formation, one of the major protein aggregation diseases. The data suggest that a few polypeptides (crystallin fragments) generated in the lens during aging interact with crystallins and other proteins to increase their light scattering, facilitate their aggregation, and act as anti-chaperones. The results of this study of in vivo peptides support the hypothesis that crystallin fragments generated in vivo can facilitate protein aggregation. The initial process of cataract formation may involve peptide fragment-mediated loss of chaperone activity of ␣-crystallin, protein aggregation, and increased insolubility of lens crystallins. In previous studies, we showed that peptide interaction induces protein unfolding and exposure of hydrophobic sites (29) . The exposed hydrophobic regions of the protein may interact with each other and further promote aggregation and increased insolubility. Taken together, our study suggests that an interaction of hydrophobic peptides with crystallins may be a key event in age-related protein aggregation, and cataract formation.
